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Abstract 
This contribution describes the femtosecond laser ablation and mechanical characterization of small samples of 
skeletal muscles. Categories of tissue damage are defined and stiffness values related to the different states of 
deterioration. The stiffness values are obtained by tactile measurements with micromechanical force sensors and 
will be applied to the development of force-sensitive micro grippers for the characterization of biological tissues.  
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1. Introduction 
The mechanical properties of skeletal muscles are of great importance for medical and socio-economic concerns. 
Even though the properties of isolated muscle fibers have been thoroughly investigated, certain aspects of force 
transmission remain subject to current research. The global mechanical properties of skeletal muscles depend not 
only on the muscle fiber properties, but to a non-negligible extent also reflect the properties of the extracellular 
matrix (ECM) surrounding and bundling the muscle fibers [1]. The ECM contributes to the total muscle dry weight 
with 1 to 10 % and is composed of collagenous fibers interlinked to form different mesh patterns depending on their 
position within the muscle. Experiments on different size scales, starting with the bare single muscle fiber up to a 
cubic muscle section containing several fiber bundles, are designed to reveal the influence of the collagen during 
different loading procedures on the samples. The data are then transferred into a FEM model of a skeletal muscle via 
inverse FEM (iFEM). Here we discuss force measurements on muscle tissue with a miniaturized force sensor 
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developed at the Institut für Mikrotechnik (IMT) [2]. The samples were taken from porcine skeletal muscles and 
stored in plastic film in a refrigerator at all times except during the laser processing, microscopy and tactile 
experiments. The direction of laser ablation was perpendicular to the muscle fiber orientation. 
2. Laser ablation 
For the exact determination of the sample deformation, the sample dimensions need to be accurately defined. 
Cubes of approximately 500 μm * 500 μm will be pre-cut and their final shape defined by femtosecond laser 
ablation. Ultra-short pulses allow high energy intensities with low thermal influence on the material. In the case of 
biological tissues, processing with significant thermal stress is not suitable, since it can induce denaturation of the 
tissue components. Therefore, processing mode and parameters have to be carefully chosen. The laser source 
employed for the presented research is a solid-state laser diode (Yb:KGW) with a maximum power of 15 W and a 
typical pulse length of 230 fs. The repetition rate can be varied between 75 and 600 kHz. The available wavelengths 
are 1028 nm, 515 nm and 343 nm. The experiments described in this contribution were carried out with a 
wavelength of 515 nm and a repetition rate of 100 kHz. 
Parameter studies have been carried out to determine the combination causing the least amount of deterioration to 
the samples. The results have been interpreted optically, taking into account the structure and color of the samples 
before and after the ablation process. The optically identifiable effects of the light absorption were taken as a basis 
to define categories of deterioration. The pictures in Table 1 show examples for the chosen categories. 
Table 1. Categories of muscle tissue deterioration defined for the femtosecond laser ablation process 
Category I corresponds to untreated muscle tissue. It shows no visible damage, no deformation and no change of 
color. Category II classifies slight damage to the muscle tissue, resulting in a change of color towards white. 
Samples with a more distinct change of color, ranging from pale yellow to light brown and showing minor signs of 
thermal deformation are ranged in category III. For tissue colors extending to dark brown and significant thermal 
deformations, category IV applies, while category V describes severe deformations and almost black coloring of the 
damaged tissue. 
The samples processed with different parameter combinations were classified according to the above defined 
categories. Fig. 1 (a) shows the chosen laser pulse energies [mJ] and relates them to the degree of tissue 
deterioration caused by the respective process. For the pulse energies of 0.282 mJ, 0.355 mJ and 0.857 mJ, the 
samples showed no signs of deterioration and were classified in category I. For the pulse energy of 2.235 mJ, 
categories I – III were observed at equal shares. 3.339 mJ produced more samples in category I and II than 
category III, which might be an artifact. For 4.933 mJ the samples showed severe damage and were classed in 
category V. 
To quantify the ablation, a three-dimensional topographical picture was taken of the samples. Fig. 1 (b) shows an 
example for a sample processed with a pulse energy of 3.339 mJ and mark speed of 150 mm/s. From left to right the 
repetitions of laser exposure per layer of the structure were augmented from one to three, causing different depths. It 
can be deduced from this picture that the surface quality of the processed areas is irregular. This might be due to an 
original tissue surface that is also irregular, but also to the deterioration of the tissue at the bottom of the laser-
machined holes. Another difficulty is caused by the reflections of the fluid film covering the tissue. The 
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measurement protocol still remains to be optimized, since the biological material is very heterogeneous and does not 
allow the precise definition of reliable measuring positions. 
  
Fig. 1. (a) dependence of the empirical probability of the categories on pulse energy; (b) three-dimensional measurement of the ablation depth. 
3. Mechanical characterization 
For further evaluation and quantification of the laser process results, force measurements were carried out on the 
processed samples. The force sensor technology used has been developed at the IMT [2] and involves a thin silicon 
membrane with integrated piezoresistive force sensors. The stylus that serves as a tactile element is mounted 
perpendicularly to the membrane and consists of a hard metal shaft and a ruby sphere. The sphere used in the 
experiments presented here has a diameter of 300 μm. The experimental setup is shown in Fig. 2. The probe was 
brought to contact with a laser-ablated facet of porcine muscle samples to allow a defined starting point for the 
measurements. 
 
Fig. 2 (a) force sensor with stylus; (b) force sensor membrane with piezoresistors and Wheatstone circuits; (c) Experimental setup for the force 
sensing of muscle samples; (d) sketch of the force measurement setup. (a) and (b) were taken from [3]. 
The stiffness of the tissue was deduced from the original force-displacement-curves by fitting a linear regression 
and considering the resulting slope. Each curve is the result of three loading/unloading steps with identical 
parameters. The three measurements are then combined to one force-displacement curve by taking an average of the 
measured values. The unloading of the sample does not result in a linear force-displacement-relation and has not 
been considered in the stiffness analysis. It is influenced by secondary effects that have not been thoroughly 
investigated yet, for example capillary forces caused by the liquid film covering the tissue surface. Two exemplary 
curves are shown in Fig. 3 (a). For each of the two samples, the force-displacement-curve is shown with a linear 
regression fitted to the loading part of the curve. The formula for the regression analysis along with the coefficient of 
determination R2 is given in the diagram. For illustration purposes, a picture of a typical sample for categories I 
and V, to which the resulting stiffness values apply, are shown. The top view does not show the tissue damage at the 
side walls, which justifies the choice of category V instead of III. The stiffness is 0.0029 μm/mN for the category-I-
sample and 0.0933 μm/mN for the category-V-sample. 
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Fig. 3. (a) example of force-displacement-curves of muscle tissue after femtosecond laser trimming resulting in categories I and IV; (b) 
dependency of muscle tissue stiffness on the deterioration category. 
The mean values of the stiffness measurements for the individual categories have been are illustrated in Fig. 3 (b). 
A trend towards higher stiffness values at higher tissue damage can be observed. However, the standard deviations 
(represented by the bars in Fig: 3 (b)) show that the interpretation of the data is difficult for high deterioration 
effects. This is due to the biodiversity of the material as well as the measurement setup that will be further optimized 
in the future. 
4. Summary and outlook 
The femtosecond laser ablation of porcine muscle tissue has been described and categories of deterioration have 
been defined for different degrees of tissue damage. It has been shown that significant tissue damage can be related 
to an increased stiffness of the material. Since for the current application tissue characteristics as described in 
category I are aimed at, the pulse energy for laser ablation should be inferior to 1 mJ. The material stiffness 
determined for category I is 0.0069 μm/mN and has the smallest standard deviation of all categories. To improve the 
laser-ablated surfaces, a model of the surface topography and a computer model of the volume to be removed will be 
developed. 
With the results of this study more specialized tools for the mechanical analysis of the muscle tissue are being 
developed on the basis of a gripper construction kit developed in a previous research initiative [3]. The 
characterization of muscle tissue will be carried out with force sensitive micro grippers. These will be adapted to the 
requirements for muscle tissue experiments and produced in various sizes for the characterization in different size 
scales. Piezoresistive force sensors are designed to be integrated in the gripper jaws to enable gripping force 
monitoring during tissue testing. Hoxhold reported a sensitivity of 1.1 +/- 0.4 mV/mN for the force sensors in micro 
gripper configuration [3]. 
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